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Discussion by William E. Saul, 
Professor of Civil and 
Environmental Engineering, 
University of Wisconsin, 
Madison WI on "Soil Structure Interac~ion Under Dynamic Loads". 
INTRODUCTION 
The determination of the response of a stiffer 
object in a softer medium to static or dyn~mic 
loading poses a formitable problem. Even 1f the 
constitutive law has been measured and assumed 
to be well known for both object and medium, 
objectives of the computation require m~deling, 
therefore, simplification, of the mater1al and 
geometrical parameters. 
A pile, of any of several materials or a combin-
ation of materials, placed by any of several 
methods with varying degrees of disturbance on 
the surrounding soil medium, which may be fully 
or partially embedded, vertical or at any angle, 
with any of several cross sections.and perhaps 
nonprismatic, with an uncertain al1gnment and 
residual stress field after being placed, and 
often having indefinite end conditions i~ place, 
is nevertheless better known than the so1l 
medium. The soil may be layered, have proper-
ties which are time dependent, suffer a change 
in constitutive law due to the method of pile 
placement or the effects of sustained or repeat-
ed loads or be affected by outside influences 
such as ~round vibration or a changing water 
table. 
The action of one upon the other, pile on soil 
or soil on pile depending on the source of dis-
turbance is called soil-pile interaction. Under 
static loading a definition of the interf~ce 
stress field with a known or assumed cont1tu-
tive law for both appears sufficient though per-
haps not certain. With dynamic loadin9, further 
consideration must be given to evaluat1on of 
mass and damping. Stiffness is only one para-
meter in determining frequency and frequency 
must be matched for most applications. Dissipa-
tion of energy through an adequate dampir.g model 
is also often frequently required. 
The pile supported foundation adds further_com-
plications to analytic prediction.of behav1~r. 
The foundation or cap itself may 1nteract w1th 
the soil, adding stiffness, mass, and/or d~mping 
effects. Further, and probably much more 1mpor-
tant, is the effect of one pile upon another or 
their interaction. This is called the group 
effect and simply stated is that neither stiff-
ness mass or damping of the foundation is nec-
essa;ily the sum of the effects on each pile 
acting separately in that foundation. 
Theoretical approaches have usually assumed the 
pile to be a vertical rigid or elastic circular 
cylinder of finite or semi-infinite length. 
Analyses for ultimate capacity under lateral 
loads have at times assumed an elastic-plastic 
material behavior. Soils have usually been 
assumed to be elastic and of a finite thic~­
ness underlain by a rigid surface or_a sem1- . 
infinite mass. Variations include v1scoelast1c 
and elastic-plastic constitutive models. 
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Analytic expressions derived ~r~m th~ th~ory of 
elasticity which have been ut1l1zed 1n p1le-
soil interaction formulations include: 
Kelvin (1848), point loa~ acting within an 
infinite elastic mass. 
Boussinesq (1878), point load acting vertically 
on the surface of a semi-infinite mass. 
Cerutti (1882), horizontal point load acting 
along the surface of a semi-infinite mass. 
MincHin (1936), (1) vertical point load acting 
within a semi-infinite mass and (2) horizontal 
point load acting within a semi-infinite mass. 
Integration of Mindlin's equations especially 
has led to a variety of elastic formulations 
for pile-soil interaction. 
A mechanics of materials approach attributed to 
Winkler (1867) assumed a point function where 
force is proportional to displacement. This 
spring foundation concept has been incorporated 
in beam anCi plate problems and the beam on a 
spring foundation concept further adopted for 
pile-soil interaction. Singularities i~ the 
formulation are obvious and shear coupl1ng by 
Wieghardt (1922) and by Pasternak (1942) re~ove 
some of these concerns. However, these var1a-
tions on the Winkler model complicate the math-
ematics without appearing to improve it signi-
ficantly. Further, a second soil property must 
be determined. 
A more sophisticated variation of the Winkler 
model proposed by Baranov (1967) and used 
extensively by Novak uses thin layers of infin-
ite elastic sheets as the spring system. This 
approach is an improvement and allows a consis-
tent inclusion of mass and damping into the 
formulation; factors missing in previous work 
where these parameters had to be allocated. 
Models which replaced the continuum with dis-
crete masses, springs and dashpots, such as by 
Ang, allowed for the solution of a variety of 
static and dynamic problems including soil-pile 
interaction. Material properties could be 
varied, further could be viscoelastic. Pro-
blems in use included grid size, assignment 
of mass, stiffness, and damping parameters, and 
modeling of system boundary conditions as well 
as internal correspondence between object and 
medium. Nevertheless, these models were the 
forerunners of the finite element method ann 
in various applications are still useful. 
Finite element methods are as useful as the 
accuracy of the elements used, the constitutive 
relations adopted, the definition of internal 
and external boundary conditions, and the time 
required for a computation for specific numeri-
cal results. It is at this time our most 
powerful tool. 
IMPLEMENTATION 
It becomes evident that there are a variety of 
models and methods available for the static or 
dynamic analysis of pile foundations. It is 
not particularly evident what the accuracy of 
any one method might be. It is evident that 
there are a variety of levels of simplification 
in basic assumptions with commensurate diffi-
culties in determining soil properties, compu-
tation and application to design. 
It might be useful to classify the various 
models according to their usefulness to design 
or application. Thus, anything more simplified 
than a Winkler foundation, such as assuming 
piles to be truss members or cantilever beams 
fixed at some depth, are hopelessly outdated, 
inaccurate and unnecessary. Models based on 
the Winkler hypotheses or any of its variations 
should be very useful in daily operations. 
Methods using Baranov's assumption may be an 
improvement if sufficient information is known 
about soil material properties. It is neverthe-
less an elastic model and its greater complex-
ity must be weighed with regard to whether an 
improvement in prediction of pile performance 
will be accomplished. It is, however, a bridge 
between classical theory of elasticity and 
mechanics of materials, and can be incorporated 
in design at present. It is still a research 
tool and much more will be gained through its 
continued investigation. 
Numerical analyses of continuum models are 
special procedures available at present for 
situations which merit the investment to obtain 
solutions to specific problems. Better finite 
elements which incorporate constitutive laws 
more nearly similar to a soil will be an 
improvement. 
In the realm of academic or research interest 
are the nonlinear or nonelastic solutions. 
There is great potential in this area for 
generating improved models. 
REVIEW OF SELECTED PAnERS 
Discussion of Manuscript "Soil-Pile Interaction 
Parameters in Vertical and Torsional Vibra-
tions" by N.R. Krishnaswamy, et al. 
The authors are concerned with the response of 
a pile foundation with vertical piles in which 
the cap and piles interact with the soil. They 
assume that for all purposes there is full con-
tact of the cap with the soil at all times. 
With this hypothesis they further assume super-
position and adopt the stiffness and damping 
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parameters for a slab on grade as given by 
Richart and the stiffness and damping of a pile 
as given by Novak. Thus, they simply add damp-
ing ann stiffness from these two sources for 
both vertical vibration and torsional vibration. 
Unfortunately, the torsional stiffness and damp-
ing parameters are for a single pile whereas the 
stiffness and damping for the foundation in tor-
sion is more a factor of the lateral stiffness 
of these members than the torsion of a single 
pile. Model studies were apparently carried out 
although there is not much description of the 
model study. There does not seem to be much 
correlation between the predicted values of fre-
quency and displacement and the observed experi-
mental values. Since there is virtually no 
description of the experimental investigation 
one cannot speculate on the reason for this 
variability. Horeover, it is highly unlikely 
that the superposition assumption would hold in 
any case, even for vertical vibration without 
the problem encountered in coupling with torsion 
of the foundation of more than one pile if that 
should have been the case. The primary problem 
is that the slab on grade is un~ikely to main-
tain full bearing with the soil when there are 
piling involved. Pile cap soil interaction 
when the cap is pile supported under ste~dy .. 
state vibration is apt to be much less s~gn~f~­
cant than suggested in the manuscript. Under 
repeated loading it is apt t~ be nonexiste~t. 
It is assumed in the manuscr~pt that the p~les 
are not point bearing and therefore floating 
piles. It is still assumed, however, that 
because of the purpose for which piles are 
installed that the bearing capacity or stiffness 
of the piles is considerably greater tha~ ~hat 
of the soil immediately underneath the p~l~ng 
cap so that the soil under the piling cap under 
repeated displacements would have a tendency to 
compact and therefore no longer add.to the . 
stiffness or damping of the system ~n any s~g­
nificant manner. A more thorough description 
of the experimental investigation would have 
been more appreciated than reiterating equations 
found in the literature. TWo t~bles and three 
figures of experimental data are presented with-
out a description of what they represent. The 
contribution o.f the pile cap to the stiffness and 
damping of a pile supported foundation system 
remains, however, to be poorly defined and the 
authors should be encouraged to investigate the 
problem. 
Discussion of Manuscript "Soil-Pile Interaction 
in Vertical Vibration" by Y. Gyoten, et al. 
The authors extend their theoretical model of 
the vertical dynamic response of a vertical fin-
ite pile in a viscoelastic medium for single 
floating pile or pile groups by including the 
effect of the soil at the pile tip. The equa-
tion of motion has been used by Novak and ear-
lier by Arnold, Bycroft and Warburton (1955) 
although its complete orgins and modifications 
are not clear. The conclusions drawn for the 
model used appear to be thoroughly complete and 
verify earlier conclusions, see Novak for exam~ 
ple, that the system is strongly frequency 
oenendent. That is, nonlinear so that apparent 
values of stiffness, etc. vary with the fre-
quency of the steady state input. The research 
appears to be quite solid and it is expected 
that continuing efforts with, hopefully, experi-
mental verification, will eventually lead to 
models useful in design. 
Discussion of Manuscript "Soil Structure Inter-
action Under Dynamic Loads-Analysis of Piles 
Under Dynamic Loading" by L. R. Scatena 
The author reports on his experiences designing 
drilled piers for electrical transmission line 
pile foundations. The title is misleading in 
that there are no dynamics involved in the 
paper. In addition, the material used is 
dated. Equations used for the lateral capacity 
of poles should refer to the works of B. Broms. 
Considerations for shear and moment in the pier 
itself are obvious. The assumptions made for 
maximum shear are unnecessary and not meant for 
this purpose in the ACI Code. The author 
should refer to the latest ACI Code and the 
latest publications referring to this code, 
such as Wang and Salmon, 3rd Ed. The use of a 
model such as a beam on spring foundation which 




The authors present a variation of the !-dimen-
sional wave equation for use in pile driving 
and pile capacity determination from the driving 
experience. A numerical procedure of what is 
called "the method of characteristics" is a 
variation of the wave equation and verifies 
that the problems inherent are in selection 
and interpretation of computational parameters 
(length and time increments), material param-
eters (constitutive law of pile and soil in its 
plastic state) and energy loss parameters 
(through non elastic deformation, heat, etc.). 
Discussion of Manuscript "Design Concept of 
Pile Foundation to Lateral Load Considering 
Soil-Pile Structure Interaction" by S. Kawamural 
and A. Ikeda 
The authors report on the instrumentation and 
response of a 7 story pile supported concrete 
structure and their analytic model for verifi-
cation. The material could be an extremely 
valuable contribution and a detailed report on 
the instrumentation and data acquired will be 
awaited wi·th interest. Sensors., possibly 
3-component accelerometers, are placed in 
the structure on the piles, below the piles, 
and in the soil or "free field" 15 m from 
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the building. The analytic model follows Pen-
zien and reasonably good correlation with 
simulated results are shown. Since this appears 
appears to be entirely analytical at this point 
correlation with field records are awaited. 
CONCLUSIONS 
The area of soil-pile interaction is quite 
diverse. It is evident from the papers 
reviewed that viewpoints of the problem vary 
considerably, that there are many misapplica-
tions or inappropriate uses of various models, 
that the problem itself is hazy in many minds, 
but that nevertheless excellent work is being 
done in the field. It is advocated that the 
Winkler model for lateral loading is sufficient 
for most design and that for vertical loading 
any model which allows for tip conditions 
properly (particularly if it is floating) would 
be sufficient. However, greater sophisitica-
tion is available and the possibility for 
future developments from current research is 
very good. 
Discussion by Jacobo Bielak, 
Carnegie-Mellon University, on 
"Soil-Structure Interaction 
Under Dynamic Loads". 
The present discussion deals with the 
following papers submitted to this session on 
dynamic soil-structure interaction; 
"Dynamic Behavior of a Pile Under Earth-
quake Type Loading" 
by T. Kobori, R. Minai and K. Saba 
"Dynamic Response of an Embedded Structure 
Generated by SH-Waves" 
by C. S. Yeh and T. W. Lin 
"Dynamic Response of Concrete Pavement" 
by S. S. Bandyopadhyay 
"Free Response of Shells on Flexible 
Foundation" 
by R. M. Belkune and J. C. Vyas 
"Effects of Soil Parameters on High 
Velocity Projectile Penetration" 
by D. Z. Yankelevsky 
These five papers consider analytical 
methods for estimating the response of various 
types of soil-structure systems to dynamic 
excitation. In the first four papers, the 
analysis is confined to the linear range of 
behavior; the latter considers plastic deforma-
tions. Dynamic excitations include free vibra-
tions, a moving load, projectile penetration, 
and earthquake type loading. 
Kobori, Minai and Saba study the response 
of a vertical, point bearing pile embedded in a 
viscoelastic layer overlying rigid bedrock 
subjected to a horizontal, steady-state harmonic 
excitation of the rigid base. The problem is 
formulated as one of diffraction - determining 
the effect that the pile has on the free field 
motion - in which the incident and reflected 
waves make up the unperturbed soil motion and 
the diffracted wave is the motion that must be 
added to the former to obtain the resulting 
motion with the pile in place. The displacement 
field in the soil is obtained by solving the 
equations of motion for the viscoelastic layer 
in a transformed space domain, and the solution 
is expressed as an infinite series in the three 
spacial coordinates with unknown coefficients 
that depend on the frequency of excitation. 
These coefficients are in turn evaluated by 
solving a system of Fredholm-type integral 
equations of the second kind obtained by impos-
ing appropriate conditions at the boundaries. 
Numerical results for several combinations 
of the system parameters are presented for the 
dynamic stiffness of the soil-pile system, 
defined by a unit horizontal translation and 
rotation of the pile head. Results also are 
given for the displacement transfer vector from 
the bedrock motion to the pile head, and for 
the distribution of bending moment along the 
length of the pile. 
The problem of the forced vibration of a 
single pile has been a subject of considerable 
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attention in recent years. See, for instance, 
Roesset (1980). The results presented by the 
authors for the dynamic stiffness of the pile-
soil system agree qualitatively with available 
analytical results. Unfortunately, results are 
not compared with those from previous scua1es. 
A comparison of the impedances with those 
obtained by Novak and Nogami (1977) would be of 
interest since these authors have used essen-
tially the same model as the one under consider-
ation. The main difference is that whereas the 
present authors include the three components 
of displacement in their analysis, Novak and 
Nogami neglect the vertical motion of the soil. 
From these and similar studies, it is clear 
that the dynamics of a single pile embedded in 
linear viscoelastic layered media is now well 
understood. Further research is needed to 
assess the dynamic interaction effects of pile 
groups and the effects of nonlinear soil 
behavior on the earthquake response of both 
single piles and pile groups. 
The torsional response of a circular 
cylindrical elastic column with a rigid founda-
tion embedded in an elastic halfspace is used 
by Yeh and Lin to illustrate the application of 
a mathematical hybrid model developed earlier 
by the authors and others (Gupta et al. 1980) 
for the analysis of the dynamic response of 
soil-structure interaction systems. In this 
model, the soil-structure system is divided 
into two regions, the interior region which 
includes the structure, its foundation and a 
part of the surrounding soil, and a comp~emen­
tary exterior region made up of an elast1c 
halfspace with a hemispherical pit. The 
interior region is modeled by a conventional 
finite element mesh, and the boundary condi-
tions at the interface with the exterior 
region are constructed from an analytical 
solution of an exterior problem in elasto-
dynamics. The procedure followed to generate 
the boundary condition - in effect, the 
absorbing boundary - is not described in the 
paper. Primary attention is given to deriving 
the effective forces at the boundary to repre-
sent the effect of the seismic excitation. 
As in the paper by Kobori et al., this is 
accomplished by treating the problem as one of 
diffraction. Numerical results are presented 
for a column with various rigid foundations, 
i.e., a rigid surface disc, an embedded hemis-
phere and an embedded right circular cylinder. 
A comparison of the results for the first two 
problems with available analytical solutions 
demonstrates the satisfactory performance of 
t h e model . I n de s c r i b i n g t h e n u me r i c a l res u l t s, 
the authors observe that for frequencies of 
vibration in the vicinity of the natural fre-
quencies of the column the foundation response 
almost vanishes. This is attributed to the 
large dynamic stiffness at the bottom of the 
superstructure for such frequencies of excita-
tion. In fact, the small foundation response 
is a manifestation of the well known dynamic 
absorber effect. The response does not vanish 
identically because of the energy dissipated 
by wave radiation in the elastic halfspace 
(Jennings and Bielak, 1973). The model has 
thus far been developed for the problem of 
torsional oscillations only. Although the 
same method of analysis can be generalized to 
other modes of vibration, this extension is far 
from trivial. A related method which includes 
the various modes of vibration of a rigid 
foundation has been developed by Apsel (1979). 
The present model is also related to the boun-
dary integral method as applied to soil-
structure interaction problems. 
Bandyopadhyay studies the dynamic res-
ponse of concrete pavements to a moving line 
load by idealizing the pavement as an elastic 
plate and the subgrade by various distributed 
viscoelastic models. The problem is reduced 
to that of a beam on a viscoelastic foundation 
subjected to a moving point load by assuming 
that the deflection of the plate does not vary 
across the width of the plate. A number of 
viscoelastic models are described but numerical 
results are limited to the Kelvin, Van der Poel 
and standard solid models. No comparisons 
with previous results are presented although 
similar problems have been considered by other 
investigators, notably Achenbach and Sun 
(1965), who obtained solutions for the Kelvin 
and VanderPoel models. The steady-state 
dynamic deflection along the length of the 
plate is depicted as a function of the rela-
tive stiffness between the slab and the founda-
tion, the viscosity of the foundation, and a 
dimensionless velocity. Since one of the 
stated purposes of the study is to provide 
recommendations for the design of concrete 
pavements taking the dynamic response in con-
sideration, it would be useful to give typical 
values of the dimensionless parameters for 
actual cases - especially the dimensionless 
velocity - so as to ascertain the practical 
significance of the steady-state dynamic 
effects. The models studied in the paper are 
associated with a single relaxation constant 
for the subgrade. Additional research is 
needed with more realistic models for the 
foundation. The effects of the mass of the 
subgrade should also be included to model the 
waves which are generated underneath the slab. 
Belkune and Vyas calculate natural fre-
quencies and normal modal shapes for cylin-
drical shells on flexible slabs embedded in 
an elastic layer underlain by a rigid base. 
They include interface elements at the contact 
surface between the base plate and the soil 
layer to account for local soil conditions. 
Also, artificial lateral boundaries are intro-
duced in the layer which are fixed against 
radial displacements and free to translate in 
the vertical direction, thereby allowing the 
total reflection of incident waves. The 
eigenvalue problem is formulated by using a 
standard expansion of the unknown displace-
ments in terms of a Fourier series in the 
azimuthal direction and a two dimensional 
finite element grid in the radial and vertical 
directions. Numerical results are presented 
for a particular shell for various layers. As 
expected, the natural frequencies of the 
system decrease with decreasing shear wave 
velocity of the soil medium, and with 
increasing layer depth and distance to the 
lateral boundary. Computed values 
can be expected to exceed the actual ones 
because bedrock is taken to be infinitely 
rigid and the artificial boundaries do not 
include energy absorbing elements. Clearly, 
no estimates of the "modal" damping can be 
derived from this model. 
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An analytical model recently developed by 
Yanke~evsky and Adin for representing high 
veloc1ty vertical projectile penetration on 
soil.is used by Yankelevsky to conduct a para-
metrlc study for investigating the effects of 
compressibility, shear strength and mass den-
sity of the soil on the disturbed zone size, 
displacement and stress fields, and dynamic 
section pressure in the neighborhood of the 
projectile. The process is considered to be 
one in which the soil particles are pushed 
a~ide b~ the nose of the projectile, causing 
d1stor!1on, !racture and flow. By representing 
the so1l med1um by a set of disks of equal 
thickness normal to the projectile, assuming 
that the velocity field in the soil is in the 
radial direction and that strains are purely 
plastic, an explicit formula has been obtained 
for the interaction pressure in terms of the 
principal stress difference at failure, the 
average volumetric strain, the mass density and 
the disc internal boundary values of the dis-
placement together with its (time) derivatives. 
From this formula it is found that the width of 
the plastic zone is solely dependent on the 
volumetric strain and that the disturbed zone 
does not exceed a few projectile calibers, in 
agreement with experimental evidence that the 
penetration phenomenon has a localized effect. 
The radial displacement fields and the stress 
f~eld are also evaluated and an expression is 
g1ven for the projectile deceleration within 
the soil. No numerical results, however, are 
reported for this deceleration, nor for the 
penetration depths. Prediction of penetration 
depth is perhaps the single most important 
response quantity associated with the problem 
of projectile penetration. Many previous 
papers have been devoted to calculating this 
quantity. The numerical evaluation of the 
penetrati?n depth and the time history of the 
decelerat1on would, therefore, be of consider-
able interest. This would allow a direct 
comparison of the predictions from this model 
with those from other analytical models and 
also with actual results from laborator; and 
field experiments. 
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Discussion by A.P.S. Selvadurai, 
Professor of Civil Engineering, 
Carleton University, Ottawas, 
Ontario, Canada, on "Settlement 
and Tilt of Footing Under Eccentric 
Loads", by P. Nandakumaran and 
K. Senathipathi. 
This paper deals with the evaluation of settlement and 
tilt of a footing subjected to an eccentric load by a 
wholly empirical method. The paper itself lacks clarity; 
the basis for the proposed method is not stated precisely. 
From what the reviewer can understand, the method of 
analysis is perhaps too simplistic. It entails the 
reduction of the contact stress distribution due to the 
eccentric load into uniform and triangular regions. The 
authors then proceed to reduce the settlement calculation 
to the determination of one dimensional compression of 
soil elements (with presumably varying E) throughout the 
foundation region and with depth. This is compounded by 
the introduction of a strain-dependent deformation modulus 
to account for any 'non-linear' behaviour. The authors 
would be well advised to devote their attention to the 
following: (i) simply list in point fashion the relevant 
assumptions of the problem, (ii) indicate the method of 
solution very precisely, (iii) explain how the material 
parameters are evaluated (in practice) and (iv) illustrate 
the method by appeal to a worked example. 
Discussion by A.P.S. Selvadurai, 
on "Damping in Torsional Vibrations 
of Embedded Footings", by K.S. Sankaran, 
N.R. Krishanswamy and P.G.B. Nair. 
The paper by Sankaran et al. is concerned with an experi-
mental study of the dynamic response of cast in situ and 
precast concrete footings embedded in a silty clay soil 
which exhibits a depth variation in its shear modulus. 
(The authors do not indicate the nature of the variation.) 
The footings are subjected to steady state torsional vi-
brations and their response is examined in relation to 
available theoretical solutions which incorporate damping 
effects. (These solutions are based on approximate con-
tinuum type solutions or lumped parameter analogues.) 
1063 
The authors emphasize the importance of radiation, inter-
face and material damping in the dynamic response of the 
footing. The value of Mfe (which is presumably the dynamic 
torque) is obtained from an empirical solution which 
utilizes the ultimate response in the adhesion and friction 
effects (i.e. shear strength parameters at the interface). 
There should be some discussion of the basis for the 
evaluation of this result. The authors indicate agreement 
between the theoretical and experimental findings for the 
resonant frequency. There is, however, a marked dis-
crepancy in the theoretical and experimental results 
obtained for the resonant amplitude. In the reviewer's 
op~n~on, the investigation would have served a better 
purpose if some attempt was made to establish the relative 
importance of the three categories of damping rather than 
a straightforward correlation between a theory and an 
experiment. 
Discussion by A.P.S. Selvadurai, 
on "Embedment Effects on Foundations 
Under Vertical Vibrations", by 
S. Saran, G. Ranjan and 
R.C. Vijiayvargia. 
This paper deals with the problem of the dynamic inter-
action between a foundation and a soil stratum, placing 
a special emphasis on the effect of the depth of embed-
ment. The experiments reported were carried out on a 
concrete block which rested on or was embedded in a silty 
sand. The contact stresses at the interface regions were 
measured by using dynamic pressure cells and shear resis-
tance cells. The reviewer would assume that these pressure 
cells were capable of measuring only one component (normal 
or shear) of the interface tractions. The experimental 
results given in the paper illustrate the depth influence 
on the amplitude-frequency response of the foundation. 
The dynamic base pressures are also investigated. These 
display trends similar to those observed by Drenevich and 
Hall(l966) in connection with the transient loading of a 
rigid circular plate on a granular medium. 
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Discussion by A.P.S. Selvadurai, 
on ·~avement-Soil Interaction 
Under Dynamic Loads", by B. Lall, 
R. Puri and J.K. Junea. 
The paper by Lall et al. is concerned with the experimental 
examination of the attenuation effects of Rayleigh waves 
in different materials such as coated macadam, dry bonded 
macadam and concrete commonly used in road bed construct-
ion. In the small scale experimental programme conducted 
by the authors the interface condition between the pave-
ment edge and the surrounding soil medium is varied. The 
decay of peak acceleration of points remote from the source 
is observed for the different groups of materials. There 
is no attempt to perform any theoretical verification of 
the results. The experimental results presented here 
should be of interest to engineers who engage in the 
detailed design of soil-pavement structure interaction. 
The significance of any decay of the damping characteris-
tics of these materials, which can occur with time or 
load history, needs further elaboration. 
Discussion by A.P .s. Sel vadurai, 
Professor of Civil Engineering, 
carleton University, Ottawa, 
Ontario, Canada, on "Stiffness 
Coefficients for Errbedded Fbundations", 
by L.S. Chickanagappa. 
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The above paper deals with the problem of evaluating the 
stiffness coefficients for foundations embedded in an 
elastic stratum. These static stiffnesses or alternatively 
the static compliances, of course, find useful application 
in the simplified modelling of the corresponding dynamic 
soil-foundation interaction problem (see, e.g., Richart 
et al., 1970). This author adopts Mindlin's classical 
solution for the internal loading of an isotropic elastic 
halfspace region and Steinbrenner's approximation to 
generate an 'approximate solution' for the static com-
pliance. To start with, it should be remarked that what 
the author solves is a problem which bears no resemblance 
to what the title indicates or what is illustrated in Fig. 
1 of this paper. The exact analysis of the problem of a 
partially embedded foundation in a linear elastic half-
space or layer is quite complicated. The analysis of this 
problem requires the solution of a set of coupled integral 
equations obtained by employing the mixed boundary con-
ditions indicated in Fig. A. In the reviewer's opinion 
the author seems to be unaware of the complexity of the 
problem and for the need to clearly illustrate the problem 
that is exactly solved in his method. The solution for 
the partially embedded foundation has recently been 
investigated by Luk and Keer (1979). There are a number 
of exact elasto-static solutions available for the 
compliance of rigid circular foundations (i) resting in 
bonded or smooth contact on the surface of a halfspace 
region (see, e.g., Galin, 1961; Sneddon, 1977; Selvadurai, 
1979a; and Gladwell, 1980), or (ii) embedded in bonded or 
smooth contact within an infinite space region (see, e.g., 
Selvadurai, 1976, 1979b, 1980; Selvadurai and Nicholas, 
1980; Luk and Keer, 1980; etc.) (Fig. B) . These results 
can be employed to ascertain useful bounds for the static 
compliance of a partially embedded foundation. The author 
should investigate the accuracy of his approximate solutions 
in relation to some known exact solutions. On a minor 
point, the author refers to Milovic and Tournier and 
Bycroft in the figures 2 and 3; these references are, 
however, not included in the papers' references. 
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Deeply Embedded Foundations 
FIGURE B 
Discussion by A.P.S. Selvadurai, 
Professor of Civil Engineering, 
Carleton University, Ottawa, 
Ontario, Canada, on "Dynamic 
Response of Concrete Pavement", 
by s.s. Bandyopadhyay. 
This paper examines the dynamic flexural response of an 
infinite plate (essentially a beam) resting on a visco-
elastic medium. The problem is intended to model the 
dynamic behaviour of pavements subjected to travelling 
loads. The behaviour of the subgrade is idealized as a 
phenomenological one-dimensional mechanical viscoelastic 
model, which has the properties of a standard linear 
solid (see, e.g., Flugge, 1975). The external load is 
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a concentrated line load which moves with a constant 
velocity. This approach for the analysis of time-
dependent beam-soil or plate-soil interaction was pro-
posed by (among others) Freudenthal and Lersch (1957) and 
later adopted by Hoskin and Lee (1959) , Fister and 
Honismith (1960), Fister (1961), Fister and Westmann(l962) 
etc., etc. (see, e.g., Yang, 1972; Selvadurai, 1979) for 
the analysis of a variety of problems of engineering 
interest. The mathematical analysis of the problem is 
considerably simplified by the assumption of one-dimen-
sional subgrade behaviour. However, there is consider-
able ambiguity in the actual evaluation of parameters 
which characterize these one-dimensional models. Similar 
difficulties are encountered in the analysis of beams on 
elastic foundations by the simplified Winkler method 
(see, e.g., Selvadurai, 1979). An alternative to this 
procedure is to incorporate linear viscoelastic continuum 
behaviour in the subgrade behaviour. This can be achieved 
quite conveniently by prescribing separately dilatational 
and distortional responses for the subgrade material. 
This approach makes it easier to utilize triaxial, shear 
and one-dimensional testing of subgrade materials to 
determine their 'linear viscoelastic' responses. Furth-
ermore, with this approach it is possible to incorpo~ate 
(if necessary) plausible boundary conditions at the 
pavement-substructure interface. The solution to the 
dynamic interaction between a plate and a viscoelastic 
continuum subgrade is presented by Westmann (1967) and 
references to further work are contained in the Inter-
national Asphalt Conferences held in Michigan, London, 
Amsterdam, etc., over the last two decades. The analyt-
ical procedure can be further developed to accommodate 
hereditary integral representations of the constitutive 
equations. The reviewer would wish to see some comment 
by the author as to the justification for the choice of 
this particular soil-pavement model. 
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Discussion by N.S.V. Kameswara Rao, 
Dept. of Civil Engineering, Indian 
Institute of Technology, Kanpur-
208016 India, on "Influence of 
Soil-structure on the Response of 
Nuclear Power Stations Under 
Earthquake Excitation" by 
Dr. J. Altes and D. Koschmieder 
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1. Different commercially available general 
purpose computer programs seem to have been 
used to analyze the few cases of the response 
of the nuclear power stations under earth-
quake excitation. Comparisons could have 
been more appropriate if the results of all 
the cases have been computed using the same 
program. 
2. The two dimensional assumption (using a 
program such as LUSH) of an obviously un-
symmetric problem needs a closer study. 
3. The results presented Fig. 7 which are close 
inspite of very different situations needs 
some explanation. 
4. Why the finite elements which appear to be 
of the same size throughout have been used? 
Also it is known that the aspect ration of 
the element used and the size of the model 
adopted for discretisation influence the 
results. It is presumed that appropriate 
non-reflecting boundaries have been used in 
the discretisation. These may be clarified. 
Discussion by N.S.V. Kameswara Rao, 
on "Dynamic Analysis of Burie.d 
Structures", by G.D. Manolis 
and D.E. Beskos. 
1. It has been well established that dynamic 
soil-structure interaction problems could 
be very well handled with all the complexi-
ties by Finite Element Method with: 
a. proper non-reflecting boundaries 
b. proper aspect ratio of elements chosen 
c. proper size of the model chosen for 
discretisation. 
2. Practically no mathematical details of the 
method used are reported in the paper. 
3. What was reported in the paper is the 
effect of waves on circular cylindrical 
cavity while the title of the paper focusses 
the attention on buried structures. How 
the BIEM solution could be applied if a 
structure (such as a pipe) is present could 
be clarified. The presence of a structure 
does not pose any difficulty in applying 
Finite Element Method. 
Discussion by N.S.V. Kameswara Rao, 
on "Embedment Effect on Foundations 
Under Vertical Vibrations", by 
Swami Saran, Gopal Ranjan, and 
R.C. Vijayvargiya 
1. The idealization adopted is the classical 
single degree of freedom system while more 
sophisticated methods are already being 
practiced (such as the Finite Element 
Method) for the study of Foundation 
Vibrations. 
2. Based on the study some quantitative 
suggestions could have been presented in 
terms of dimensionless parameters. 
Discussion by N.S.V. Kameswara Rao, 
on "Isolation of Machine Foundations 
by Barriers", by A. Sridharan, 
M.V. Nagendra and T. Parthasarathy 
1. From the text it appears that what was 
termed as a barrier is a gap between the 
foundation block and the adjacent soil. 
A trench could be an effective barrier if 
it extends below the bottom of the founda-
tion block (Ref.: Fig. 8.6, p. 251 of 
"Vibrations of Soils and Foundations", by 
Richart, Hall and Woods, Prentice-Hall Inc., 
New Jersey, 1970) which does not seem to be 
the case studied in the paper. 
2. The more important parameter for study of 
isolation by trenches is H/LR (H= depth of 
trench, LR = Reyleigh wave length) as men-
tioned in the above reference (pp. 261-262). 
The data on wave velocities as well as the 
effect of H/LR could be presented to 
analyze the problem. 
Discussion by K. Rainer Massarsch, 
on "Practical Aspects of Machine 
Foundations Design". 
(!) Pile-supported Machine Foundation: Several 
contributions to this session have addressed the design 
of machine foundations. However, also the practical as-
pects of construction can be of importance and should 
be considered at the design stage. 
In Scandinavia driven concrete or timber piles are 
commonly used to support machine foundations on soft 
clay deposits. In many cases pile-supported footings 
have led to serious foundation problems. The driving of 
piles in soft clay can cause settlements. If the piles 
are rigidly connected to the foundation slab, a gap can 
progressively develop between the soil surface and the 
foundation, Figure 1. Thus the top of the pile has only 
little support from the surrounding soil and can under 
unfavorable-conditions result in cracks in the piles or 
complete failure of the foundation. 
Figure 1. Settlements below a conventional pile-
supported machine foundation. 
This problem can be avoided if the driven piles are 
not rigidly connected with the foundation slab and the 
load is transmitted by a compacted fill, Figure 2. The 
piles are provided with pile caps and the load of the 
machine foundation is transmitted by the compacted fill 
to the piles as well as to the surrounding soil. The in-
crease of confining stress significantly increases the 
shear modulus and thus the stiffness of the soil adjacent 
to the top of the piles. 
CDMPACTE 0 FILL 
CLAY 
Figure 2. Flexible pile-supported machine foundation in 
soft clay. 
(2) Effects of Dynamic Soil Properties: The design 
of dynamically loaded foundations should also accoun7 ~or 
_possible changes of soil properties e.g. due to dens1f1-
cation of granular material even at small levels of 
vibration. Also, the dynamic properties of cohesive soils 
can vary with time e.g. due to consolidation as a result 
of the foundation load or an adjacent fill, Also, the 
degree of saturation of the subsoil can affect the dynamic 
behavior (resonant frequency) of the foundation. 
The weight of a machine f?un~ation is usually large 
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and the effective overburden pressure can significantly 
increase after construction. In Figure 3, the effect of 
effective confining pressure and water content on.the dy-
namic shear modulus is shown, Massarsch and Dr~e~1ch 
(]979). In cohesive soils, the effective conf1n1ng stress 
can increase over many years and gradually chang~ the 
dynamic properties of the foundation syst~m. T~1s aspect 
should be taken into account in the dynam1c des1gn of ma-
chine foundations. 
~ 3. Va:iatic;m of dynamic shear rrodulus of clay 
s?1~s Wl. th water content arrl effective con-
f1n1ng stress, M3ssarsch & Drnevidl (1979). 
(3) Case History: The dynamic design of a diesel 
generator foundation was based on extensive geotechnical 
and dynamic investigations. An about 2 m thick layer of 
clay was found near the ground surface with a shear mo-dulu~ of about 30 Mpa, overlying dense sand and till. The 
mach1ne foundation was designed for an operating frequency 
of 500 rpm. The dominating mode was vertical vibrations. 
The geometry of the foundation block was later changed 
by the manufacturer of the diesel generators which intro-duc~d the rocking mode of vibration. In addition the 
eng1neer at the site replaced the clay layer by a well-
compacted fill, assuming that this would improve the per-
formance of the machine foundation. 
. The test run of the diesel generator, resulted in 
h1gh levels of vibration. Measurements showed that the 
natural ~requency of the machine foundation was signifi-
cantly h1gher than designed, Figure 4. The operating fr~quency coi~cided with the natural frequency of the ma-ch1n~ ~oundat1on. Thus minor changes in the foundation 
cond1t1ons can significantly change the dynamic perfor-
mance. A foundation method which improves the static 


















< 200 :z 
0 
0 40 80 120 160 200 240 
SHEAR MODULUS,MPa 
Figure 4. Natural frequency of diesel generator founda-
tion for different soil conditions (operating 
frequency 500 rpm) 
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Discussion by Dr. David Yankelevsky, 
on "Seismic Response of Pile Supported 
Structures", by W.E. Saul, T.B. Edil, 
and Y.W. Chang. 
The authors present a method for analyzing 
the alteration in the response of a structure 
when piles are added to the foundation. The 
method is based on the dynamic analysis of a 
rigid foundation on piles, where t~e pile-head 
resistance is found from the solut1on of a 
soil-pile interaction model. The paper extends 
a matrix formulation earlier developed by 
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W.E. Saul to enable analysis of short piles o7 
nonprismatic piles, or piles in a layered m7d1a 
by dividing the pile into segments and_cons1der-
ing the nonlinear properties of the so1l as a 
precise linear behavior. A summary of recomm:nd-
ed stiffness coefficients from a few sources 1s 
presented in most of which.the a~sum~ti?n of an 
elastic linear and isotrop1c med1um 1s 1ncluded. 
The pile is assumed to have a pinned end at the 
bottom and to act substantially with the soil. 
Only the top surface free field accelerations 
are considered. 
If the soil mass could be represented by a 
single degree of freedom system responding in pure 
shear to a base exitation, its displacement varia-
tion with depth could be described by straight 
lines and piles could vibrate without interacting 
with the soil. In such a model the soil response 
solely governs the foundation block response, no 
matter how many piles are there. Since the soil 
mass is continuous, the displacement variation 
with depth is generally not linear, and if the 
pile acts with the soil, it follows then that 
relative deformations are developed between the 
pile and the soil, which are responsible ~o. 
those interaction forces that produce a s1m1lar 
deflection shape as that of the soil. When we 
restrict ourselves to slender piles, small in-
teraction displacements are required and there-
fore the pile moves substantially with the soil, 
however, these small displacements have signif-
icant effect on piles curvature. The displace-
ment at any point along the pile is therefore 
composed of a soil displacement component and 
an interaction displacement component and both 
of them should be determined. To eliminate con-
centrated horizontal reactive forces, the lowest 
point should have the local soil displacement 
component at all times. 
The Winkler spring interaction model greatly 
simplifies the solution due to uncoupling. Con-
stant spring coefficients for the linear problem 
or precise constant for the nonlinear problem are 
assumed. There still remains the problem, how 
to obtain these coefficients, when interaction 
stresses are applied to a deformed and stressed 
soil due to its dynamic response. 
For common cases the interaction force per 
unit length of the pile, which corresponds to 
the soil yield strength, is much higher than 
the forces developed during the pile response. 
When this is the case, it supports the elastic 
spring assumption, but for materials of low-
yield strength or for small diameter piles, . 
plastic conditions can be developed and the p1le 
may cut through the soil. It might also happen 
when rigid poles are discussed, which practicalzy 
have a negligible curvature. The study may be 
extended to include these cases too. 
In many cases the elastic interaction forcffi 
are sufficient to produce curvatures in the 
range of the pile yield and when soil and pile 
response are calculated it may be found tha~ 
certain parts of the pile are under ~ plast1c 
regime. It contradicts then the bas1~ assump-
tion considering the pile as an elast1c beam 
with constant flexural stiffness. When yield 
occurs, significant interaction force redistri-
bution and pile deformation occur. When a 
layered medium is considered, the proposed 
method suggests to analyze the problem by using 
pile segments, each of them having a ~onstant 
spring coefficient. But, when two adJ~cent 
layers have significantly different st1~fness, 
a large discontinuity in the shear stra1n 
might develop at the interface between ~e laye~ 
and a plastic hinge would be developed 1n the 
pile at this location. Special contact.con-
ditions between the segments should be 1ntro-
duced there to enable slope discontinuity when 
a plastic hinge is formed. In these interaction 
problems, plastic conditions may develop and 
still vertical load may be transferred when 
ductile details are designed. 
The authors propose that 30% of the soil 
within the pile group above the pile inflection 
point will be included with the mass of the 
structure. In the very simplified model shown 
earlier where the soil layer was modelled by 
a singl~ degree of freedom system, we realized 
that the foundation and the pile system vibrate 
as a rigid system and soil mass is not added 
at all. The soil added mass is a result of 
interaction effects and is dependent on the 
relative motion of the pile and the soil. It 
is also dependent on the pile diameter and soil 
compressibility. In related studies I have 
made, I found that the added mass should be ex-
pressed as function of pile diameter and ~as 
nothing to do with the distance between p1les. 
For many practical cases it is likely to have a 
negligible effect. Assuming a large soil mass, 
in the order of magnitude of the vibrating 
structural system, will be responsible for 
erroneous results. 
Finally, adding piles to the system may 
even lead to opposite results than desired. 
Consider a soft soil with a low-yield strength 
which is reinforced by piles and thus becomes 
stiffer. Before piles were added, it responds 
mainly in the plastic regime, thus ab~orbi~g 
considerably amounts of energy, and f1lter1ng 
out high frequency components, the seismic 
forces transferred to the structure will be 
signigicantly reduced. By increasing soil 
strength the seismic forces transferred to 
the structure will increase as well. 
Discussion by Gopal Ranjan, 
Professor at the University of 
Roorkee, Roorkee, India, on 
"Effect of Soil Parameters on 
High Velocity Projectile 
Penetration", by D.Z. Yankelevsky. 
The author has developed an analytical 
model to represent soil-projectile interaction 
to obtain projectile and soil response. In-
fluence of soil properties on penetration have 
been studied. 
Indicating that the width of the plastic 
zone depends solely on the volumetric strain, 
the author presented analytical results (Fig 2} 
and have justified the same with the experi-
mental observations. However, it would have 
been of interest to know the soil properties 
adopted for analytical computation and as 
measured in the field. 
Considering the influence of soil para-
meters on penetration depth, the author sum-
marizes the major results in relation to ve-
locity range to be termed lower or higher 
have not been given. Also, it is interesting 
to note a different trend in dynamic section 
pressure at low volumetric strain for dif-
ferent values of non-dimensional mass para-
meter, F (Fig. 8(. It will be appreciated 
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if the author could explain the possible reasons 
for such a behavior which is different that 
that at low velocity range (Fig. 6}. 
The influence of mass density at low ve-
locity is indicated (Fig. 7}. However, in the 
absence of results at high velocity the con-
clusion: "the dynamic section pressure is not 
sensitive to the mass parameter except for 
very high velocities" is difficult to appreciate. 
Discussion by Soichi Kawamura, 
on "Influence of Soil-Structure 
Interaction on the Response of 
Nuclear Power Stations Under 
Earthquake Excitation", by 
J •• Altes and D. Koschmieder. 
In your A.E.M. model geometrical damping is 
considered: 
Many papers are discussing nonlinearity or 
hysteretic damping of soil material. It must 
be true that it has important effects on the 
response to strong earthquake motions. 
However, I would like to point out that 
the geometrical damping of soil layers may not 
be negligible for most cases. To summarize 
my comment: 
(1} Geometric damping of soil layers is 
quite large. 
(2} When expressed as "Equivalent Model 
Damping Factors" they are 10 ~ 30% 
for the first mode and decrease in 
higher mode. 
(3} They are not negligible compared with 
viscous or hysteretic damping. 
(4} We should be careful about this fact 
in case of earthquake response analys~ 
of a soil stratum using lumped mass 
models or finite element models with 
fixed base condition. 
AUTHOR'S REPLIES 
Closure by G.D. Manolis and D.E. Beskos. 
The purpose of the paper is to present an 
alternative formulation that may be used in lieu 
of the traditional finite element or finite 
difference methods. For problems involving me-
dia or infinite extent, considerable effort 
must be made from the part of the user if 
either of the aformentioned methods are used. 
On the other hand, this effort is minimal if 
the boundary integral equation method (BIEM) is 
used, simply because the existence of the in-
finite medium is automatically accounted for. 
For more details on BIEM solution procedure 
reference should be made to Manolis and Beskos 
(1981). 
Finally, it should be added that the form-
ulation presented in the paper is valid for 2-
dimensional plane strain/stress cases and ex-
tension to the case of a lined cavity, which is 
a close approximation to a buried pipe, was done 
in Manolis (1980). For more general types of 
structures, a 3-dimensional implementation, 
currently under investigation by the authors, 
must be used. 
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Closure by Y. Goiten, K. Mizuhata, et.al. 
We would like to thank Professor Saul for 
the interesting remarks on our paper. We have 
consistently dealt with the soil-pile system as 
the continuous medium, theoretically solved the 
soil-pile interaction problem and precisley 
extended the qeneral characteristics for single 
floating pile or pile groups. You have said 
in your discussion , "the conclusions drawn for 
the model used appear to be thoroughly complete 
and verify esrlier conclusions". If your com-
ments are correct, we would like to know the 
papers on floating piles or pile groups by the 
same method. 
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We agree with your last-mentioned discussion. 
Although theoretical solutions are obtained for 
the idealized model and the experimental veri-
fication under the same condition is very difficult, 
efforts are now being made in order to verify 
experimentally in our laboratory. 
Closure by J. Altes and D. Koschmieder. 
We would like to thank both discussers for 
their contributions. 
Reply to discussion of Mr. Soichi Kawamusa: 
With regard to the geometrical damping it 
can be said that this part of damping is in-
cluded automatically in finite element models. 
We agree that the geometrical damping especially 
of soil layers may not be negligible. 
Reply to the discussion of Dr. N.S.V. 
Kameswara Rao: 
1. We used two different computer programs 
because the analyzed problems were different: 
the three-dimensional response behavior of HTR 
components and on the other side the influence 
of embedment on the response. ASKA is a three-
dimensional program, LUSH a two-dimensional one. 
2. According to Berger et al. (1975) it is 
justified to calculate the response of an em-
bedded structure with a two-dimensional model. 
3. The influence of the stiffness of the 
structure is confined to its direct vicinity. 
Therefore the accelerations are the same be-
tween - 55 m and - 129 m. Along the structure 
the accelerations do not change because of the 
rigid wall. 
4. The size of the finite elements for the 
HTR- and the PWR- model is different. At the 
time of our study non-reflecting boundaries 
were not available in the LUSH program. To 
minimize the influence of the reflecting 
boundaries we have therefore chosen a distance 
of 2b from the building. 
Closure by A. Sridharan, M.V. Nagendra and 
T. Parthasarathy. 
The authors thank Kameswara Rao for his 
interest in the paper. The statement of the 
discusser is correct that the air gap between 
the foundation block and the adjacent soil is 
termed as the barrier in the paper. The depth 
of air gap provided did not extend below the 
bottom 8f the foundation. If the barrier has 
to be extended below the bottom of the foot-
ing, then the problem of stability will arise. 
If the trench is provided at some distance 
from the source, then the depth of the barrier 
can be extended below the bottom of the foot-
ing. But this will necessitate larger working 
area. 
The authors are aware of the importance of 
the parameter H/LR. However, from practice 
point of view, a trench with a depth not more 
than the foundation depth adjacent to the source 
is more desirable from several aspects. The 
paper presents results which prove to the extent 
that trenches adjacent to the foundation are ef-
fective. 
AUTHOR'S REPLIES 
Closure by N.R. Krishnaswamy. 
The author is grateful to the excellent discussion 
by Professor William E. Saul. The author is in complete 
agreement that the stiffness and damping parameters for 
a pile foundation in torsion is more a factor of the 
lateral stiffness of these individual piles as a group 
than the torsion of a single pile. The present study is 
the first attempt in this direction, and concentrates on 
the dynamic behavior of a single pile. However, the 
comment of the discusser is being taken into consideration 
in our subsequent attempts to describe the group action 
of piles subjected to torsional vibrations. 
A more thorough description of the experimental 
investigation, as desired by the discusser is furnished 
below: 
The soil at the test site is a mixture of sand and 
silt with clay binder for a depth of more than 10 meters. 
The average field density of the soil at 1.5 m depth be-
low ground level is 1.98 g /cc. The average natural 
moisture content of the soil is 11%. 
The depth of the pile cap in each of the cases 
was kept at 30 em and the plan dimensions were 50 em x 
50 em. Two single piles of 100 em and 125 em length, 
10 em diameter were used in the investigations. The pile 
cap and the piles were designed to be rigid and were ad-
equately reinforced. Foundation bolts were placed while 
casting at proper spacing so as to enable the base plate 
and the vibrator to be mounted on the pile cap as a rigid 
single unit. The concrete used was M 150 and reinforce-
ments were provided with 12 mm M.S. Rods. Wooden brackets 
were provided at proper locations on the pile cap to fix 
the transducers for measuring the vibrations. While cast-
ing the pile cap, proper care was taken to ensure good 
bond and contact with the soil beneath. 
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The pile caps with single pile were subjected to 
vertical mode of vibration, to begin with and then to 
torsional mode of vibration by means of an eccentric mass-
type mechanical vibrator and the pile cap axis of the 
single pile. Each of the pile caps was tested at three 
different intensities of vertical force and torsional 
moments respectively. Thus several sets of response curves 
were obtained. The experimentally observed amplitudes of 
motion at resonance are listed in Table I and II. 
The experimental procedure with regard to the steady 
state vibration tests are, by and large, same as already 
reported in an earlier paper by the author. (Sankaran, 
Krishnaswamy and Nair 1980, "Torsional Vibration Test on 
Embedded Footings", Journal of the Geotechnical Engineering 
Division, Proceeding of ASCE, Vol. 106, No. G.T. 3 
March, pp. 325-331.) 
Closure by Swami Saran, Gopal Ranjan and 
R.C. Vijayvargiya. 
Authors are thankful to Professor Selvadurai and 
Professor Kameswara Rao for their interest in our paper. 
The machine-foundation soil system was idealized to 
a single degree of freedom system as it is easier to e-
valuate the required design parameters by performing a 
block resonance test. Secondly it issimple to understand 
and use in practice. Finite element model will definitely 
be a superior method for analyzing such problems, but the 
realistic estimation of dynamic modulus of soil and other 
properties pose a problem. 
Non-dimensional charts have been prepared to get 
the values of dynamic elastic constants, mass of vibra-
ting soil and damping ratio. However, these charts could 
not be included in the paper due to the shortage of space 
and are being published. 
AUTHOR 1 S REPLY 
Closure by Sudipta S. Bankyopadhyay. 
The author wishes to thank Bielak and Selvadurai for their 
interest in the paper and comments. 
Due to space limitation, an illustrative example intended to 
be included in the paper by the author could not be accommo-
dated, but is given in a recent publication (Bandyopadhyay, 
1981). Comparison of results obtained with different visco-
elastic models by other investigators are also presented in the 
same. Typical values of the parameters involved can be ob-
tained by considering physical properties of a load and road 
configuration. If it is specified that: 
E = 4 X 10 psi 
0.15 
p = 3 -2 2 . 4 150.9 lb m/ft. = 0.271 x 10 lb-sec /m 
H 8 in. 
Axle load= 18,000 lb.; therefore, P = 125 lb/in 
K1 =K2 =100pci 
it follows that: 
D = Eh3 
12(1- ft2) 
1.7460 x 108 psi/in. 
/3=nK2 -2 1.9452 x 10 rod/in. 4D 
w = F0 13 0 2 K2 




290.96 ft/sec. = 198.4 mph. 
Analyses which incorporate linear viscoelastic continuum be-
havior of the subgrade material are generally based on the 
correspondence principle developed by lee (1956} which 
postulates that the stress and displacement fields in a linear 
viscoelastic medium can be treated in tenns of the analogous 
linear elastic problem having the same geometry and boundary 
conditions. The key to the elastic-viscoelastic analogy is the 
independence of the volumetric stress-strain behavior to the 
deviatoric behavior. However, there is a severe limitation 
in prescribing separate dilatational and distortional responses 
for the subgrade material, as suggested by Selvadurai. It has 
been shown that, depending on their stress history, cohesive 
soils exhibit volume increase or decrease (under drained con-
ditions) when subjected to pure deviatoric stress increments 
(Soydemirand Schmid, 1967; Soydemirand Schmid, 1970). As 
a result, the assumption that the volumetric and deviatoric com-
ponents are uncoupled is in this case not valid. Furthennore, 
it is worth pointing out that, in different studies incorporating 
linear viscoelastic continwm behavior, results have frequently 
been presented for some particular mechanical model by 
appropriate choice of the operator form (Chou and Larew, 
1969; Huang, 1973; Perloffand Moavenzadeh, 1967; Schiff-
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man, 1959, 1961; Westman, 1967). Mechanical models 
incorporated in the analysis are usually preferred because the 
stress-strain-time relationship of the models can be easily 
understood and explained physically. Also, typical parameter 
values of different viscoelastic models for different subgrade 
materials are available in the literature, references of which 
are given in the paper. 
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AUTHOR'S REPLIES 
Closure by L.S. Chickanagappa. 
The author thanks the reviewer for his 
critical comments on the paper. The author's 
solution is for the problem shown in Fig. A by 
the reviewer. The solution is very approximate 
and it is true that some of the boundary con-
ditions are not satisfied. As the results a-
greed fairly well with FEM solution, the method 
was extended to rectangular and square footings. 
Attempts will be made to compare the results 
of this approximate method with those of exact 
solutions as suggested by the reviewer. The 
references of Milovic and Tournier and 
Bycroft were not included because of space 
restriction. 
Closure by Bhagirah Lall, R. Puri, and 
J.K. Juneja. 
The senior author acknowledges the painstaking discussion 
of the paper by A.P.S. Selvadurai and admires the per-
ception shown of the subject matter. There is no com-
plete theory currently available to explain the propa-
gation of a surface wave at the interface between two 
quarter spaces. No theoretical verification was thus 
attempted. However, the results obtained from the 
experimental investigation are in line with those report-
ed in other model studies using an interface of velocity 
and density contrast as reported in the paper. The senior 
author agrees with Selvadurai's observation that the 
significance of any decay of the damping characteristics 
of these materials, which can occur with time or load 
history, needs further study. In fact the authors re-
cognized a decay in the damping characteristics of these 
materials in a pilot study of old pavements and this 
in turn led to development of the investigation for the 
paper. It is gratifying to see the value of the results 
of the study as reported in the paper recognized. 
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Closure by C.S. Yeh and T.W. Lin. 
The procedure followed to generate the boundary 
condition was actually described in our previous 
paper entitled "Dynamic Response of an Embedded 
structure under a Dynamic Torque". For the 
purpose of reference, the compliance function 
of the far field with a hemi-spherical pit in 
half-space js listed as follows, 








hn(kr)=spherical Hankel function of first kind 
Pi\(lJ)=associated Legendre polynomial of first 
kind with rank one 
lJ=COS 8 , lJo=COS 8 0 
8=spherical coordinate 
C(8,w;8 0 ) denotes the twist angle (amplitude) of 
the boundary ring at e due to a unit (amplitude) 
torque acting at the boundary ring specified 
with 8 0 , and the time function was taken as 
exp(-iwt). 
The compliance function listed here satisfies 
the traction free boundary condition at ground 
and the surface of the hemi-sphericalpit, except 
at the ring, 8=8 0 , at which the shear stresses 
resulting a unit torque about the z-axis. 
The reason why a small response at the bottom of 
the superstructure is due to the large dynamic 
stiffness can be visualized from Eq. (17). 
According to Eq.(l7), the dynamic stiffness of 
the superstructure at the bottom can be written 
as 
For a special case, if the superstructure is 
elastic and without damping, i.e. ~=0, then kbH= 
n/2, and the dynamic stiffness is equal to oo, 
thus the base of the superstructure will behave 
as a fixed boundary. It is clear that a fixed 
boundary can reflect the incoming wave instead 
of absorbing the energy due to incoming wave. 
AUTHOR'S REPLY 
Closure by T. Kobori, R. Minai, and K. Baba. 
The authors would like to thank Jacobo 
Bielak for his interest in the paper and for his 
valuable comments. 
The theoretical studies of the dynamical soil-
pile interaction system are due to Tajimi(l969), 
Novak and Nogami(l977), Bielak and Palencia 
(1977), Prakash and Chandrasekaran(l980) and 
Roesset(l980). Unfortunately we have not seen 
the paper by Roesset yet, in spite of the 
attention given by J. Bielak. 
Tajimi and Novak et al. used a linear visco-
elastic stratum to model the soil and neglected 
the vertical components in the horizontal 
vibration. We include the three components of 
displacement field and study the dynamical 
stiffness matrix at the pile head and the 
displacement transfer vector from the bedrock 
motion to the pile head. 
After the comments of J. Bielak, we have 
tried to compare our results with those from 
previous studies. Although the analysis by both 
Tajimi and Novak et al. were stood on the almost 
same background theoretically, the numerical 
results of the dimensionless stiffness function 
KHH associated with the horizontal translation 
are compared only with those by Tajimi for some 
combinations of the system parameters, as shown 
in Fig. 12, because it was somewhat difficult 
to compare our results with those by Novak 
numerically in the same parameter range. 
In this figure, the material damping of the soil 
is assumed to be composed of the linear 
hysteretic type medium, where in Tajimi's study 
the Kelvin-Voigt model was prepared for the 
damping effect. Comparison with the solution by 
Tajimi indicates reasonable agreement for some 
slenderness ratios of pile, in which the 
imaginary parts of his study are underestimated 
a little, because of the assumption that the 
damping of the soil is taken into account for 
only the shear wave traveling along the soil 
depth. 
The vertical component in the horizontal 
translation must be effective for shorter piles 
and higher frequencies than those analyzed here 
numerically. 
On the dynamical effects of nonlinear soil 
behavior and interaction of pile groups, 
further research is to be necessary and 






n: k. -.3..n: 2 
Fig. 12. Comparison of dimensionless stiffness 
function KHH with the solution by H. Tajimi 
by H. Tajimi, ----- by authors 
APPENDIX--Notation 
k 0 ; dimensionless frequency 
a/H ; slenderness ratio of pile 
E I /~a4 ; dimensionless stiffness ratio 
c c 
pc/p ; dimensionless mass ratio 
v ; Poisson's ratio of soil 
Im(~*)/Re(u*) material damping ratio 
associated with shear strain 
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AUTHOR'S REPLY 
Closure by P. Nandakumaran and K. Senathipathi 
It was realised even ea.rlier that a four-
pa@e length restriction for the papers at this 
conference may lead to the papers beine incom-
plete as far as restating well kno~n aspects, 
to improve clarity.At least as far as the dis-
cusser is concexned, the clarity of this paper 
seems adequate for him to understand the proce-
dure in a general way. But the discusser reads 
into the paper some features like "variation of 
E throuehout the foundation re~ion and with de-
pth" an aspect, which the authors are afraid, 
is not keeping with t~e stated aim of the paper, 
namely a simple and approximate method. 
An engineer even remotely associated with 
design of footings subjected to eccentric loads 
or familiar with the work of Prakash and Saran 
(197J), will readily recognize the ne~d for a 
method to compute the settlement and tilt of 
such footings. What the designer presumably ne-
eds is a sim~le but reliable method, with the 
accurac:y commonly obtainable in geotechnical 
designs, and not one in which a time con~umin~ 
computer aided procedure can produce result8 as 
accurate as the "assumed" or "estimated" soil 
and structure properties (of cour~e a :c. Si)_rr;inz 
that the analytical proc~dure simul~tes the be-
havior of the soil mass correctly). Thus, the 
basis of the present paper is to make some sim-
plifying assumptions as to tle behavior of the 
soil mass(for example, to consider only one di-
mensional compression of the soil layers, as 
correctly understood ty the discusser) but to 
check whether these assumptions leac to accepta-
ble results. It was for this purpose that the 
data from Saran(l969)-Plate Eearin~ Test resul 
ts- and Prakash and Saran (1973)-Analytical 
procedure - were made use of. Since the plate 
bearing test data related to the site where the 
soil was f!.enerally uniform, the deformation mo-
dulus 'E' could be estimated as a function of 
the stress intensity - a fact which presumably 
led the discusser to believe that •non-linear' 
behavior was recommended to be accounted for 
using strain dependent deformation modulus. This 
presumably also led to the advice that evaluat-
ion (in practice) of the material parameter be 
explained! 
Under any circumstance, the authors wish 
to reiterate the obvious advanta~es of the pro-
posed procedure (compared to the existing ones) 
that variations which may exist in the values 
of deformation modulus with derth, either due 
to layerin~ or increase in confining pressures, 
can conveniently be accounted for, if the~e can 
be evaluated. Strain denendence of deformation 
modulus can also be considered, but is not re-
commended for use, since it requires an itera-
tive procedure and hence may not be suitable 
for a simple procedure. 
The authors are not sure whether the assu-
mptions involved in computations of settlement 
of footings under central vertical loadc using 
Elastic theories are simply listed in point 
fashion in Text Books; however, the additional 
assumptions used in this paper have been. 
An illustrative example on the use of this 
procedure can be seen in Senathipathi(l979) as 
mentioned in this paper. This had to be taken 
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out of the naper for obvious reasons. 
The authors would also like to uti~ize 
this or,portunity to point out an error 1n the 
equation to compute the value of 'E'. Th2 term 
within the parentheses should read ( 1-u ) 
instead of ( 1-u ). 
Closure by Peter M. Byrne, Co-chairman 
Session 4A. 
My job here is to summarize what has been said 
in this session. I will restrict my comments 
essentially to the very excellent presentations 
made by Dr. Idriss in his State-of-the-Art pre-
sentation and Dr. Matlock in his moderator's 
report. 
Dr. Idriss pointed out that the dynamic soil-
structure interaction problem is a very complex 
one and that he would restrict himself to the 
seismic analysis of the heavy structure invo»ed 
with the nuclear industry. Important factors 
in the earthquake analysis of such structures 
are as follows: 
1. The Design Earthquake Motion. 
The design earthquake or control motion for 
such structures is generally specified as a 
surface free-field motion. Whether this motion 
arrived at the control point mainly by vertical-
ly propagating shear waves or by surface waves 
has not yet been resolved and can significantly 
affect the response of the structure. Dr. 
Idriss pointed out that more field data is need-
ed to resolve this point. 
2. Stress-Strain Relations. 
The dynamic stress-strain relations of soil 
are highly complex. However, for the small 
strain~ tnat arise with nuclear power plant 
foundations (less than lQ-2 to lQ-1%) , an equi-
valent linear relationshi~ with equivalent vis-
cous damping is an adequate representation. The 
foundations of offshore structures are commonly 
subjected to large strains and a nonlinear 
stress-strain relation is required for meaning-
ful seismic analysis of such structures. Some 
progress has been made on one-dimensional 
effective stress nonlinear stress-strain rela-
tions but much more work is required for devel-
opment of adequate 2 and 3 dimensional rela-
tions. 
3. Analytical Procedures. 
There are basically 3 analytical procedures 
for the dynamic soil-structure problem: 
a) The Direct or Coupled approach in which the 
foundation soil and the structure are analyzed 
as a single unit. Because of the size of the 
problem that arises, the structure is generally 
poorly modelled in this approach. 
b) The sub-structure approach in which basical-
ly the structure is analyzed and the soil is 
represented by impedence functions or springs. 
Here the structure is well modelled but the 
soil and the interface may be poorly modelled. 
c) The Hybrid Model approach. Here the struc-
ture together with the "active" part of the 
soil adjacent to the structure are analyzed as 
a single unit and the "less active" soil is 
represented by impedence functions or springs. 
This method is relatively new and looks promis-
ing. 
or. Idriss voiced some concern that sophistica-
ted analyses are being developed and used with-
out sufficient reflection on their limitations. 
Hard data is required to determine if these 
methods work or not. 
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Dr. Matlock in his moderator's report emphasized 
the importance of experimental data. He pre-
sented experimental data on piles subjected to 
both vertical and horizontal cyclic loading 
showing degradation of modulus with strain 
level and with pore pressure rise. For verti-
cally loaded piles slip occurred while for 
laterally loaded piles separation or gapping 
between the pile and soil occurred. If analy-
ses are to be realistic they must be capable of 
modelling these experimental observations. 
Dr. Matlock and his co-authors, Drs. Martin, Lam 
and Chan presented a very interesting paper to 
this conference entitled "Soil Pile Interaction 
in Liquefiable Cohesionless Soils During Earth-
quake Loading". In their method of analysis 
the free-field response of the soil is obtained 
from a one-dimensional nonlinear effective stress 
dynamic analysis in which the pore pressure rise 
due to the shaking is computed. The soil pile 
system is then modelled by connecting the pile 
to the free-field with a series of horizontal 
nonlinear springs represented the compliance of 
the soil. The free-field motion is applied to 
these spring ends and the time history of res-
ponse obtained. The horizontal spring stiff-
nesses are based on effective stress and reduce 
with time as the pore pressure rises so that the 
softening effects caused by both strain level 
and porewater pressure are considered in comput-
ing the response of the systeM. However, only 
the porewater pressure rise due to the free-
field dynamic stresses and strains in the soil 
are considered. Close to the face of the pile 
there will be additional stresses and strains 
in the soil caused by the presence of the I,ile 
and represented by the force-deflection of the 
horizontal spring~. These will induce an addi-
tional porewater pressure rise and softening of 
the horizontal springs. It wo-uld be desirable 
if these additional porewater pressures could 
also be incorporated in the an~lysis. 
In summary, more research and experimentation is 
required on: 
1. The seismic input 
2. Three-dimensional geometric effects 
3. Two and three-dimensional effective stress 
constitutive relations 
4. Interface elements between soil and structuie 
to allow for slippage and gapping. 
It is particularly important that our model pre-
dictions be compared with field observations. 
Closure by Jai Krishna, Co-chairman, 
Session 4B 
The state of art report by Iwaski on "Free 
Field and Design Ground Motion" is based on 
very large records obtained in Japan on ac-
celerographs recording more than 1 g and with 
magnitudes ranging from 4.5 to 7.9. Relation-
ships have been attempted between peak ground 
acceleration, magnitude, distance from epicenter 
and soil characteristics. Some simple equations 
have been obtained, which indeed need to be 
simple, since these equations, based on observed 
data for different earthquakes and under dif-
ferent local and geologic conditions, are 
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finally empirical, similar to those as have been 
published by several authors in the past. They 
are meant to give a starting point for the de-
signer in assessing ground motion characteristics 
for an expected future shock. Making them too 
complicated may convey an impression of giving 
more precise information than they are meant to. 
This report does not attempt to correlate 
free field motions to design motions very ap-
proximately, since the latter must take into ac-
count the characteristics of the structure to be 
designed, its importance and permissible risk. 
Judgement and experience alone could fill this 
gap. 
In another paper an attempt has been made 
to cover a broad spectrum of parameters from 
"Explosion Cudos" to "Design Seismic Coefficient". 
Relationships between "microtremors" and "strong 
ground motions due to earthquakes'! are not yet 
established. Similarly, there is a gap in the 
knowledge of deriving "Design Seismic Coefficient" 
from "Ground Motion". Thus the coverage appears 
to be far too wide and a lot of judgement is re-
quired to be able to use such relationships. 
There is also, a question of using "peak ac-
celeration" as one of the parameters for as-
sessing ground motion since relationships be-
tween "peak acceleration" and "magnitude" 
follows an eratic path. In the San Fernando 
earthquake of 1971 (M = 6.6) the peak recorded 
was 1.04 g while in El Centro 1940 (M =7.1) 
the peak was 33% g and there are many other 
examples. Thus there must be perhaps more 
reliance on parameters like "velocity" or 
"spectrum intensity" for comparison of different 
shocks. Monte Negro earthquake of 1979 records 
on identical instruments different peaks at 
nearly the same distance. Local soil characte-
ristics play an important role in the recording 
by an instrument. This was also indicated by 
the results obtained in Imperial Valley earth-
quake of 1979, where "peaks" and "distances" 
from epicenter did not show consistency 
(J.P. Singh). 
In commenting on several papers, moderator 
(Roesset) indicated that easier solutions were 
possible in many problems instead of using 
Finite Element Technique. It may be appropriate 
to say that this is a powerful technique more 
precise numerical method than any other, but 
the precision of results depends upon "precision" 
of data and the justification for use of the 
technique should be supported by the need of 
that order of precision in the design process. 
This would naturally depend upon the precision 
attainable for other parameters involved. For 
soils, properties of which change considerably 
from point to point depending upon several 
parameters, this technique would be very useful, 
provided that the knowledge about the properties 
of soil and their variation from point to point 
is adequately precise. In the abscence of this, 
use of such a powerful technique is a time con-
suming, expensive, and therefore, avoidable, 
particularly because simpler, less precise metho& 
are good enough to match the "precision" in the 
design of Civil Engineering structures. 
